Electrical stimulation is a simple and powerful tool to 2 perturb and evoke neuronal activity in order to un-3 derstand the function of neurons and neural circuits.
Introduction 21
Electrical stimulation of neural tissue is an invaluable cise, electrically isolated stimulus generator. Stimjim 53 is based on the Teensy 3.5 microcontroller board 54 (www.pjrc.com/teensy), which utilizes a 32-bit Arm 55 Cortex-M4F processor running at 120 MHz. Each stimu-56 lating channel includes a current source based on an im-57 proved Howland current pump 32 , and a voltage source 58 (an op-amp), driven by a 16-bit digital-to-analog con-59 verter (DAC). The final output of each channel is selected 60 by a 4-way switch, such that either channel can be con-61 figured as a current output, voltage output, grounded, 62 or disconnected. To ensure the stimulator is prop-63 erly connected (a common issue with experiments in 64 freely moving animals) and to verify required stimulus 65 current or voltage amplitudes, each channel also has 66 an analog-to-digital converter (ADC) able to read ei-67 ther the output voltage or the output current (via a 68 low-value sense resistor in series with the current out-69 put). Our circuit board design was made using Kicad 33 70 (www.kicad-pcb.org), an open-source printed circuit 71 board (PCB) design program. Schematic, layout, bill 72 of materials, and build instructions are included as sup-73 plemental materials and are also available in the Stimjim 74 git repository (bitbucket.org/natecermak/stimjim).
75
Stimjim's design compares favorably against alterna-76 tives ( Table 1) . It is an order of magnitude less expen-77 Figure 1 : Stimjim is a compact, configurable, and precise stimulator. Stimjim has a compact footprint, measuring 104 x 140 x 35 mm. The front panel (top left) includes BNC and push-terminal connectors for the outputs, and BNC connectors for inputs. On the back (lower left) are the USB connector (which also provides power), LED indicators for active stimulation, and a set of breakout pins for general purpose user input/output (GPIO). While we do do not demonstrate using these GPIO pins in this paper, we provide them for advanced users who may want them. The internal circuit board (top right) consists of a Teensy 3.5 and two electrically isolated output channels. Each output channel has its own isolated DC-DC power convertor and high-speed digitial isolators for communicating with the Teensy. The lower-left panel shows the basic circuit for each channel. A digital-to-analog convertor (DAC) provides the analog signal to both the current and voltage output circuits. The voltage output circuit consists of a non-inverting amplifier (OPA197 op-amp) with a gain of 1.5. The current output circuit is marked with red wires, and uses a difference amplifier (AMP03, which includes four internal 25 kΩ laser-trimmed resistors), with two external 3 kΩ 0.1% resistors. The current output circuit includes a small series resistor that enables measuring the output current with an onboard analog-to-digital convertor (ADC). A 4-way switch enables selecting the voltage output, current output, or grounding or disconnecting the output. The ADC can also measure the voltage at the output terminal. stored on the onboard SD card. We also provide a default 100 program using this library that can generate user-defined 101 pulse train sequences. Users set the parameters for pulse 102 trains and read the measured pulse amplitudes via a 12 103 Mbit/s serial connection over USB. Pulse train parame-104 ters include output mode (current or voltage), frequency, 105 duration, and the amplitude of each phase of the pulse 106 itself. Stimjim can store definitions for 100 pulse trains 107 concurrently, and users can select and initiate particular 108 pulse trains on the fly.
109
Benchmarking. To benchmark Stimjim and our 110 pulse train program, we generated a series of one-second 111 biphasic pulse trains in which we varied the pulse fre-112 quency (from 2 Hz to 4000 Hz), pulse duration (from 113 20 µs to 4000 µs), and amplitude. We simultaneously 114 recorded from both of Stimjim's output channels using 115 a National Instruments PCI-6110 card (2 MHz sampling 116 rate per channel, 4.9 mV resolution). One Stimjim chan-117 nel was set to voltage mode and the other channel to 118 current mode with a 9.86 kΩ resistor connected to the 119 output.
120
Stimjim proved capable of providing microsecond tem-121 poral resolution and millivolt-and microampere-ampli-122 tude resolution. Across the tested range of stimulation 123 frequencies, Stimjim generated accurate and highly con-124 sistent inter-pulse intervals (IPIs; Fig proximately 100 µm adjacent to the soma amd applied 160 0.4 ms current stimulation pulses of gradually increasing 161 amplitudes. With increasing amplitude, we observed in-162 creasingly rapid and reliable action potential generation, 163 and eventually emergence of a second action potential 164 (Fig. 3A) .
165
Next, we verified Stimjim's ability to provide coordi-166 nated pulses on two separate electrodes. We placed one 167 electrode in the lateral olfactory tract (LOT), a thick 168 layer of axons that courses through the apical dendrites 169 of piriform pyramidal neurons. We then placed a sec-170 ond electrode approximately 100 µm from the soma, near 171 the basal dendrites. We generated variable delays (up to 172 ±3 ms) between LOT and basal stimulation (Fig. 3B) . 173 When LOT inputs were stimulated 0.5 ms after basal 174 stimulation, but not before, we observed the most reliable 175 generation of action potential. Outside of this window, 176 action potential timing was variable and action poten-177 tials occasionally were not evoked. These experiments 178 demonstrate Stimjim's potential for precise extracellular 179 electrical stimulation in brain slices.
180
In vivo stimulation. To demonstrate Stimjim's util-181 ity in vivo, we used it to train mice in a classical paradigm 182 known as intra-cranial self stimulation (ICSS) 35 . In this assay, animals are implanted with electrodes (or more recently optical fibers 36;37;38 ) enabling activation of a pleasure/reward-related brain region 39 . Animals are 186 then placed in a training paradigm in which they learn 187 that a simple motor action (typically spinning a wheel 188 or pressing a lever) causes direct activation of this brain 189 region. Animals quickly learn the required action and 190 are willing to repeat it for extended periods of time. 191 We trained two mice in a head-fixed variant of ICSS, 192 in which animals could lick a sensor in order to obtain 193 brain stimulation reward (BSR). We used a capacitive which animals ceased licking when the rewarding stimu-208 lation was insufficiently intense (Fig. 4) . 209 We observed clear differences between the two animals. terns, which could be useful to ensure all animals are 220 given stimuli yielding the same response level.
221
As a secondary test of Stimjim's ability to provide ef-222 fective BSR, we placed head-fixed mice on a linear tread-223 mill and recorded their running behavior for 20 minutes. 224 We then offered BSR for every increment the mice ran in reference 39 . The ground was implanted in the con-286 tralateral cortex. Additionally, a 3D-printed headpost 287 was affixed to the animal's skull by dental cement to 288 enable head fixation. Typical resistance (100 µs pulse) 289 between connector pins after implantation was 20-30 kΩ. 290 All animal procedures were in accordance with guidelines 291 established by the NIH on the care and use of animals 292 in research and were confirmed by the Technion Institu-293 tional Animal Care and Use Committee (IL-012-01-18, 294 valid until 10/4/2022).
295
Slice stimulation experiments. Coronal brain 296 slices were prepared from the anterior piriform cortex 297 from 28-40 day old Wistar rats. 300 µm thick slices were 298 cut in ice-cold artificial cerebro-spinal fluid (ACSF) bub-299 bled with 95% oxygen and 5% CO 2 , then incubated for 300 30 min at 37 C and kept at room temperature afterwards. 301 Whole cell patch clamp recordings were performed with 302 an Axon amplifier (Multiclamp). Glass electrodes (6-8 303 MΩ) were made from thick-walled (0.25 mm) borosilicate 304 glass capillaries on a Flaming/Brown micropipette puller 305 (P-97; Sutter Instrument). Intracellular pipette solu-306 tion contained 135 mM potassium gluconate, 4 mM KCl, 307 4 mM Mg-ATP, 10 mM Na 2 -phosphocreatine, 0.3 mM 308 Na-GTP, 10 mM HEPES, 0.2 mM OGB-6F, 0.2 mM 309 CF-633, and biocytin (0.2%) at pH 7.2. The ACSF solu-310 tion contained 125 mM NaCl, 25 mM NaHCO 3 , 25 mM 311 Glucose, 3 mM KCl, 1.25 mM NaH 2 PO 4 , 2 mM CaCl 2 , 312 1 mM MgCl 2 at pH 7.4. After patches were estab-313 lished, platinum-iridium electrodes for stimulation (Al-314 pha Omega, #387-102S01-11, 250 µm diameter, Pary-315 lene C and Polyamide coated, 0.1 MΩ) were placed in the 316 lateral olfactory tract and in the basal dendrites roughly 317 100 µm from the soma.
318

Supplemental materials 319
In case of future modifications, the most up-to-320 date details regarding Stimjim will be available at 321 https://bitbucket.org/natecermak/stimjim. (7):e0181923, July 2017.
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